Abstract
during periods of sea-ice. We suggest an elevated carbonate ion concentration at the ice-26 water interface resulting from biological utilisation CO 2 could influence calcification in 27 foraminifera. We demonstrate that for N. pachyderma (s. (Siegenthaler et al., 2005) . Of the many hypotheses 41 proposed to account for this CO 2 shift, a significant focus has been placed on past 42 changes in productivity, chemistry and circulation in the Southern Ocean (Anderson et 43 al., 2002; Sigman and Boyle, 2000) . Accordingly, there is a clear motivation to obtain 44 reliable information about these processes in the past Southern Ocean. The stable 45 isotopic and trace metal composition of planktonic foraminiferal calcite provide 46 important geochemical tools for reconstructing past changes in sea surface conditions. 47
In particular, Neogloboquadrina pachyderma (sinistral) is a species of interest as it dominates 48 modern planktonic assemblages in the high latitudes and Southern Ocean sediments. 49
However, inference of past calcification conditions from N. pachyderma (s.) chemistry canbe ambiguous, in part because the species can live in a variety of habitats, including sea-51 ice. Open water N. pachyderma (s.) are generally considered pycnocline dwellers, but can 52 calcify below the mixed layer, occupying a wide range of depths shallower than 200 m 53 (Kohfeld et al., 1996) . In sea-ice conditions, N. pachyderma (s.) are associated in high but 54 patchy cell concentrations with the bottom community of sea-ice diatoms, which grows 55 in the more porous layers at the ice-water interface (Lipps and Krebs, 1974) . In the 56 autumn, the adults conduct gametogenesis, such that juveniles appear in the upper part 57 of the water column and become incorporated into the forming frazil ice (Spindler and 58 Dieckmann, 1986) . 59
There is an increasing appreciation that multiple factors control stable isotope and trace 60 metal chemistry of foraminifera. In particular, the role of carbonate ion concentration, 61 In this study, B/Ca shows a strong peak in mid-winter, which we suggest occurs at a time 286 when there are neither significant temperature nor salinity changes in the water column at 287 the depth of calcification (Figure 6 ). There is no change in the B/Ca ratio during the 288 period of cooling into winter, suggesting there is no significant temperature effect here 289 on boron uptake into calcite. This contradicts other studies that have shown a 290 temperature dependence on B uptake into foraminiferal calcite (Yu et al., 2007) . 291 However, the water temperature variation experienced here is low (approximately 2°C), 292
suggesting that other factors dominate in this case. Mg/Ca ratio of ~ 0.2 mmol/mol on a glacial-interglacial timescale (Mashiotta et al., 368 1999) , which is of similar amplitude to seasonal changes from this study. Diatom 369 population analysis (Gersonde et al., 2005) indicate that the core was near the edge of the 370
LGM winter sea-ice extent, such that the site may have experienced seasonal variation in 371 demonstrate that the foraminifera calcify at the ice-water interface in winter, which 379 exchanges openly with seawater, and to reconstruct calcification temperature and salinity. 380
Our results show that trace metal uptake during calcification is influenced by factors 381 other than ambient temperature and salinity, especially during periods of sea-ice cover. 382
We suggest, using B/Ca ratios and shell weight data, that there is an increase in [CO 
